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Critical Behavior of the Shear Resistance of SolidHe near a Structural Phase Transition
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We describe experiments on plastic flow of solide near the first order bce-hep transition. We
find that the resistance to shear of the solid diminishes strongly near the transition. We are able
to distinguish between plastic flow due to vacancies and due to dislocations, and show that the
critical behavior of the solid near the transition is controlled by vacancy diffusion. The enhancement
of the diffusion is consistent with a coupling of the vacancies to a phonon which softens near
the transition. Possible implications of our findings on the understanding of melting are discussed.
[S0031-9007(98)06732-5]

PACS numbers: 67.80.Mg, 62.20.Hg, 64.70.Dv

In an experiment aimed at measuring the plastic flowsition, such as loss of shear resistance and high defect
properties of solid He, we found that the shear resisdensity, can be conveniently studied. In this Letter we re-
tance of the solid decreases dramatically as the temperpert the results of experiments on plastic flow carried out
ture nears that of a bcc-hcp phase transition [1]. Ovepn solid*He in equilibrium near bce-hep phase transition
a temperature interval of 0.1 K, the plastic flow rate in-taking place al" = 1.772 K on the melting curve.
creased byl% orders of magnitude. In that experiment, The measuring technique detects the change of the
the flow of solid took place by diffusion, yielding a value position of a wire, submerged in the crystal, driven by
of the diffusion coefficient at the transition typical of a a constant force. Plastic properties of solid He were
liquid. The loss of resistance to shear is the most promiinvestigated, by using motion of a solid body, by several
nent feature associated with melting. Theories of bullgroups in the past [5,6]; however, ours is the first such
melting proposed over the years rely on the sudden preexperiment near a phase transition. In most of this work
liferation of crystalline defects in order to destabilize thewe used a superconducting wire of diamesérum as
lattice [2] so that the shear resistance vanishes. Thedbe moving solid body (in some of the earlier experiments
include point defects (vacancies or interstitials) or line dewe used &4 um wire [7]). The experimental cell was
fects, namely, dislocations. However, this scenario wasituated in a constant uniform magnetic field. A dc
never confirmed experimentally, as the equilibrium den-current was driven through the wire, so that it moved
sity of defects in conventional solids is rather small, andunder the Lorentz force. This arrangement is drawn
it is impossible to approach the transition close enougtschematically in Fig. 1. To prevent any Ohmic heating,
to see critical behavior of the defects. The first orderthe range of currents used was less than 10% of the wire
bce-hep structural phase transition in sdlide offers sev-  critical current. The moving part of the wire was in a
eral advantages in this type of study. First, it is weaklyshape of a semicircle of 28 mm radius. To detect the wire
first order (the entropy change per particle is 12 times lesposition, a low amplitude audio frequency ac current was
than that associated with melting [3]), and consequenthguperimposed on the dc current. A 600 turn receiver coil
the temperature interval where pretransition effects camwas situated in parallel to the plane of moving wire, 1 mm
be observed is wider. One can therefore resolve howapart, concentric with the wire curvature. Changes in the
the shear resistance changes as the phase transition is ajre position were detected by measuring the changes
proached. Second, the estimated density of vacancies [#] the induced voltage on the receiver coil. The lowest
in “He is significantly higher than what can be achievedwire velocities measured were in thé~° cm/sec range,
in conventional solids even at the melting temperaturewhile nearT. the phase transition temperature and under
This condition of having a high defect density is another
indispensable feature of the models of melting. Third,
macroscopic single crystals of very high quality and pu-

while at higher stress moving dislocations determine the
rate). Thus, solid He is an excellent model system in
which effects typical of the approach to the melting tran- FIG. 1. Schematic drawing of the moving wire assembly.

rity can be grown. Furthermore, by investigating the plas- I W B
tic flow rate over a wide range of applied stresses, we _§Z
can decide which type of defect, vacancies or dislocations, S.C.Wire —

is responsible for the critical behavior near the transition Y '

(at low stress plastic flow results from vacancy diffusion, @er
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high stress the wire velocity exceed&d > cm/sec. In ' ' N
addition to the wire assembly, the cell contained a parallel
plate capacitor which was used to measure the level of
the solid in the cell and its density, a Straty-Adams

capacitive pressure gauge, and a cold valve which isolated

the cell from the filling line during measurements. High 74 AM/ 2
quality crystals were grown at a constant temperature, {x10® 00*’""’*- —
at a rate which varied betwedn6 X 10~* cm/ sec and 2107 4x10° 6x10

1x10™

4
1x10 5,107

AA

[&]
4 X 1073 cm/sec. Growth was usually terminated after g .
the solid filled the cell to a level 4 mm above the g1x10'
wire. After the end of growth, the crystal was allowed ‘3’
to anneal for about 12 h before measurement began. 1107 R a

In total, we grew about 70 crystals, out of which half

were of good enough quality to be measured (good © 1629 K-beo

crystals showed no measurable yield stress, indicating {41¢g*® 4 1775 K-hep
that the initial density of dislocation was very small). A } ——rrrr —
measurement was initiated by applying a dc current to 1x10? 1x10° 1x10*
the wire while holding the temperature constant. Under )

small stresses, a steady motion was observed, from which Stress [dyne/cm’]

the _Steady state velocity of the wire was dete_rmmed,;,G_ 2. The velocity of the wire as a function of the applied
At higher stresses, where the motion is determined b¥tress at two temperatures. Solid line is a fit to the data
dislocation motion, a short transient was seen, resultinghvolving both vacancies and dislocations (see text). The inset
from an initial rearrangement of the dislocations nearcontains a linear-linear plot of the small stress data, showing
the wire (Andrade creep). After less than 2 min, thethat_m this regime the velocity is linearly proportional to the
. . . . applied stress.
wire settled into a steady motion which was followed
for another 30 min in order to determine the steady
state velocity. The stress exerted by the wire under thé0* dyn/cn?) applied stress. The temperature at which
range of forces used ranged from8 X 10° to 1.5 X  the peak irw in Fig. 3 occurs coincides with the published
10* dyn/cn?. Results obtained over time using different coordinates of the hcp-bcc transition to better than 1 mK.
crystals were reproducible within the scatter of the data. This identification is important in order to rule out the
Figure 2 shows a typical dependence of the measuregossibility that the behavior shown here has anything to
velocity on the applied stress in the two solid phasesdo with the liquid phase. First, we discugk, which
As the inset shows, under low stresses (smaller thawas calculated from the data obtained in the linear regime
6 X 103 dyn/cn?) the velocity of the wire is linearly using Eq. (1). WritingD, = Dy exd —E(T)/kT], and
proportional to the applied stress, while at higher stresassuming that the prefactdp, does not change with
the velocity becomes proportional to a higher powesof temperature, we can translate the increas® ofear the
The linear dependence of the velocityon the applied transition to a reduction af(T'), the activation energy for
stresso seen at low stresses is characteristic of theself-diffusion. (In the band model of vacancy diffusion
Nabbaro-Herring [8,9] mechanism, where the mass flow4] in solid He, Dy « T3, which leads to a 20% change of
takes place through counterdiffusion of vacancies and; in the region of interest between 1.7 and 1.8 K. The
atoms due to a vacancy concentration gradient. In thiselocity of the wire, which is proportional tB,, changes
picture, the velocity of the wire depends linearly on the by a factor of 15 in this range, so we can indeed neglect
applied stress [5,7]: the temperature dependence®f) From fits to the data,
shown as the solid lines in Fig. 3, we found that close
Q- D, oIl (1) to the transition in the bcc phad&dT) decreases linearly
B with t = (T. — T)/T. (see inset of Fig. 3). Away from
Here, () is the atomic volumeD; is the self-diffusion the transition, E(T)/kz = 14.8 K, in agreement with
coefficient, T is the temperature, and is the wire previous work [5], while near the transition it decreases
diameter. In this picture, atomic diffusion takes placeto a value of 11.8 K. The behavior is qualitatively similar
between the front of the wire where the stress is highn the hcp phase, with(T) increasing by 6 K betwe€f,
and the back of the wire where the stress is low. Weand temperatures well away from the transition. In this
demonstrate the validity of this picture by plotting in paper, we shall discuss only the bcc phase.
Fig. 3 all the data obtained in the linear regime using Schoberet al.[10] have shown thatE(T) can be
different diameter wires and different stresses, scalethought of as the elastic energy needed to deform the
according to Eq. (1). Figure 3 also shows the temperaturkattice so that an atom can diffuse into a nearest neigh-
dependence of the wire velocity for highr (= 1.5 X bor vacant site. This elastic energy is expressed in terms
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847



VOLUME 81, NUMBER 4 PHYSICAL REVIEW LETTERS 27 JLy 1998

same(¢, £,0) transverse phonon branch, which appears
to be much softer. We therefore take the view that the
mechanism of self-diffusion in bctHe is the same as
in bcc metals, and the decrease BfT") near the tran-
sition results from the softening of this phonon. It is
important to stress that in metals, where formation en-
ergy of a vacancy, typically.5-1 eV > fw, which is
~10 meV, the phonon assisted diffusion model refers to
changes of the energy associated with the migration of
vacancies, without changing their density. In solid He,
the formation energy=1 meV [17]) is quite close {6 w
(=0.5 meV), so that both the density and the mobility of
vacancies could be affected.

We now turn to the stress dependence of the veloc-
ity at larger stresses. We find thatx o7 in this re-
gion, with ¢ = 3.5 = 0.3. The uncertainty in the value
of ¢ comes from fitting data sets obtained at different tem-
peratures. The solid line in Fig. 2 shows a fit to a form
V(o) = aoc + ba??, wherea is determined from Eq. (1)
andb is a parameter. Such dependence is characteristic
of combined motion due to self-diffusion and dislocation
climb. In polycrystalline bcéHe, the strain rate in the

T T T T T T T T T T T T T ] range of stresses and velocities controlled by climb of dis-
150 1.55 1.60 165 1.70 1.75 180 185 1.90 locations [18] was found to be proportionaldd®, and in

T [K] polycrystalline hcgHe too* [6]. Models describing dis-
FIG. 3. Wire velocity v as a function of the temperature. location climb [8,19] give power law dependence in this
Open symbols include data in the linear response regimg@nge, and there could be more than one mechanism that
obtained using two different wires with different diameters. controls the flow in the same crystal. The creep rate of iso-
Closed symbols are typical data obtained in the nonlineajated dislocations, determined by the rate at which the dis-
regime (large stress). The solid lines are fits to the datgy qiiqn climbs, is linearly proportional to the stress, but, if
using the phonon assisted diffusion concept. The inset shows . . , . -
activation energy for self-diffusion neaf,, plotted against @ dislocation network exists, the creep rate is proportional
reduced temperature in the bcc phase. The dashed line shoi@ higher power of the stress. In both cases, climb of dis-
the linear behavior, while the solid line is an empirical fit to locations always occurs through emission or absorption of
the data. point defects, and is therefore ultimately controlled by self-
diffusion. We therefore expect the velocity of the wire to
be proportional to the diffusion coefficient not only at low

of the phonon spectrum, wherT) depends on the fre- stresses, but through the whole range of measured veloci-
quency of any particular phonon as’. The observed ties. In order to see whether the increase of the velocity in
decrease of£(T) implies that the phonons soften near the transition region reflects only the enhanced diffusion,
T.. A linear decrease of(T) nearT, is predicted by or if there is another mechanism related only to disloca-
the Landau theory [11] of a structural phase transitiortions, we assumed that the velocity can be written in the
driven by asingle phonon soft mode. It turns out that form v (T, o) = f(T)g(o). If the anomalous dependence
softening of specific phonons in the bcc phase is a comrearT, is only due to vacancies, then dividing the data
mon feature in many metals exhibiting enhanced diffu-by f(T) = D,/T should effectively remove the tempera-
sion near a bcc-hcp transformation. It proved possibléure dependence from the data. In Fig. 4 we show the data
to pinpoint the mechanism of diffusion in these metalsbefore and after performing this operation. It seems in-
using quasielastic neutron scattering [12]. These experdeed that the operation effectively removes any tempera-
ments show that self-diffusion is a phonon assisted neature dependence. The variable that is traditionally used
est neighbor atom-vacancy exchange. Petrgl. [12,13] to describe dislocations under applied stress is the ratio
found that there is one dominant phonon assisting ther/u, whereu is the shear modulus of the material. One
diffusion, the1/2 (1, 1,0) transverse phonon, and that it of the earliest models for melting [20] associated melting
also softens appreciably as the phase transition temperaith vanishing ofu at the transition temperature. In many
ture is approached. The measured phonon spectrum eblids, including heliumu decreases as the melting tem-
bce *He is very similar to that of metals. The measuredperature is approached to about half of its low temperature
spectrum [14,15] is in very good agreement with theo-value. We thus checked whether the scatteg(izr) can
retical calculations [16] done & = 0, except for the be reduced further by inserting an indirect dependence on
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phonons on an equal footing. Furthermore, the relevant
phonons are those near the edge of the Brillouin zone,
and not an averaged spectrum as expressed in the Debye
picture. The close interrelation between phonons and
point defects indicates that one should incorporate both
into an improved model of melting.
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